This paper describes the use of micromachined lead zirconate titanate (PZT) piezoceramic elements for heat generation by ultrasonic energy dissipated within the elements and surrounding media. Simulations based on three-dimensional finite-element models suggest that circular disk-shaped elements provide superior steady-state temperature rise for a given cross-sectional area, volume of the PZT element and drive voltage. Experimental validation is performed using PZT-5A heaters of 3.2 mm diameter and 0.191 mm thickness. Single-element heaters and dual-element stacks are evaluated. Although the steady-state temperature generated by these heaters reaches the maximum value at the frequency of maximum electromechanical conductance, the heating effectiveness is maximized at the frequency of maximum electromechanical impedance. Stacked PZT heaters provide 3.5 times the temperature rise and 3 times greater heating effectiveness than single elements. Furthermore, the heaters attain the maximum heating effectiveness when bonded to highly damping and non-conducting substrates. A maximum temperature of 120
Introduction
Microheaters have been used in numerous microsystems ranging from gas detectors [1] to mass flow sensors [2] , as well as in microfluidic systems for assays [3] [4] [5] , chemical reactors [6] , micro incandescent lamps [7] , pressure sensors [8] , gas preconcentrators [9] and in microsystems for nanostructure synthesis [10, 11] . A thin-film gold/titanium microheater on a pyrex bulk substrate has also been reported for microthruster ignition, micro explosive boiling and microsensor applications [12] . The dynamic thermal response characterization of surface micromachined heaters has been described in [13] . Conventionally, microheaters have used joule heating in thin-film resistors that are fabricated from metals or doped semiconductors [14] [15] [16] . While this is effective and easily implemented, joule heating can present challenges with parasitic heating of leads, particularly as the magnitude of the resistor decreases. Much effort has been directed at developing heaters with high efficiency and low response time. This has resulted in the investigation of different materials for the heating elements. For example, the moderate heat conductivity of TiN (15 W m −1 K −1 ) lowers the conductive losses through the connecting wires, thereby improving efficiency [17] . Microheaters based on a conductive composite of silver microparticles embedded in polydimethylsiloxane (PDMS) have also been reported [18] .
Ultrasound has been used widely in the field of medicine for non-invasive heating of biological tissue for hyperthermia and hemostasis [19, 20] . The mechanism relies upon direct absorption of the ultrasound energy within a dissipative medium. At the macroscale, lead zirconate titanate (Pb(Zr,Ti)O 3 or PZT) is widely used to generate the ultrasound because of its favorable piezoelectric properties and electromechanical coupling. Piezoceramic materials can be incorporated into microsystems by additive processes such as sputtering [21] , laser-assisted ablative sputtering [22] , sol-gel deposition [23] , organometallic chemical vapor deposition [24] and screen printing [25] , or by a subtractive process such as ultrasonic micromachining [26] . Microsystems that are based on the ability of PZT to convert electrical energy to mechanical vibrations, and vice versa, include scanning mirror drives [27] , micro-optics [28] [29] [30] , micromixers [31] , accelerometer [32] , micro-surgery [33, 34] and scanning microscopy probes [35] . This paper explores the possibility of using PZT as a material for microheaters and its possible biomedical applications such as tissue cauterization (figure 1).
Heat generation in free PZT actuators and PZTembedded composite structures is a known phenomenon at the macroscale [36] . The temperature of the piezoelectric (PZT) element increases while converting the electrical energy to mechanical energy. This is mainly due to the dielectric loss in the PZT and the structural damping in the PZT and the surrounding medium. For example, a (27 × 10 × 1) mm 3 PZT-4S actuator embedded in a (177.8 × 165.1 × 5.08) mm 3 50-ply glass epoxy laminate, when excited by 100 V rms at 1000 Hz, has been reported to result in a temperature rise of about 55
• C above the ambient temperature [36] . Heat generation in multilayered piezoelectric actuators under high frequency of excitation has been studied in [37] . The heat generation is attributed primarily to the ferroelectric hysteresis loss in the stress-free state. An approach to determine the rise in temperature of the PZT element bonded to flat plate structures for sinusoidal voltage actuation has been developed in [38] . The internal heat generation in the PZT element is determined by using a coupled electromechanical model and the temperature field of the PZT actuator is analytically calculated. However, this model does not account for the heat generated in the surrounding medium due to damping of ultrasound waves. The self-heating of PZT actuators has been traditionally considered as a limitation, because the properties of PZT are highly temperature sensitive, and continuous operation at high temperature (close to the Curie temperature) may lead to degradation of the piezoelectric properties.
The temperature of the PZT actuator is dependent on the electric field applied across its electrodes [38] . Hence, for a given voltage, higher temperature can be achieved by reducing the thickness of the PZT element. Thus, microfabricated PZT heaters bear huge potential. The conventional microfabrication techniques for PZT, though capable of achieving a thickness of a few microns, exhibit degraded material properties and device performance limiting the use of these actuators as microheaters [39] . However, the development of serial and batch-mode bulk ultrasonic micromachining processes has allowed the microfabrication of bulk PZT materials with superior properties, making the proposed device feasible [26] .
The PZT-based heaters described here can find applications in thermal microsystems for analytical microsystems and medical devices that benefit from precise heating at moderate temperatures. For example, tissue cauterization requires temperatures less than 200
• C and the substrates are highly damping and thermally nonconducting (such as polymers and tissues). The high impedance of the PZT element limits the amplitude of the ac current flowing through the system. This can potentially suppress the losses due to parasitic resistances. Furthermore, PZT promises higher thermal efficiency because of its lower thermal conductivity, which results in lower heat loss due to conduction through connecting wires [17] . As shown in table 1, the thermal conductivity of PZT is about two orders of magnitude less than that of metals. The product of density and specific heat capacity for the PZT, which is directly proportional to the time constant of the heaters (for a system with convection boundary condition), is almost the same as that of the metals (table 1). The thermal coefficient of expansion of PZT (which is about 3.8 × 10 −6 • C −1 [40] ) is closer to that of single-crystal silicon, silicon nitride, and silicon dioxide than to the metal heaters. Thus, PZT microheaters may cause less thermal stress (due to expansion mismatch) than conventional metal heaters.
This paper 1 is organized in the following manner. Section 2 describes the mechanism of heat generation in PZT-embedded structures and a 3D finite-element simulation model developed for predicting the temperature rise in the PZT heaters. Section 3 describes the design and fabrication of the heaters used in the experiments. The initial portion of section 4 presents the experimental characterization of the fabricated PZT heaters. The latter portion of section 4 describes the experiments on the cauterization of biological tissue using the proposed PZT heater.
Theory and model

Theory
The heat generation from a piezoelectric material is primarily due to losses within piezoelectric material and attenuation of ultrasound waves in the surrounding medium.
Losses within the piezoelectric material.
For a ferroelectric material, there are four sources of losses in the material [42] :
(1) losses due to domain wall motion, (2) losses due to the presence of point defects in the lattice structure, (3) microsturctural losses arising from the grain boundaries due to polycrystalline nature of the material and (4) Ohmic losses (which are relevant mainly for highly conductive materials).
However, in piezoceramic material, the domain wall losses dominate the other three losses. In piezoelectric material, the domain wall losses consist of dielectric, elastic and electromechanical hysteresis losses.
The piezoelectric material is modeled using linear theory of piezoelectricity. In linear piezoelectricity, the following equations govern the behavior of piezoelectric materials [43, 44]:
where T is the stress tensor, S is the strain tensor, E is the electric field vector, D is the electric displacement vector, s E pq are the mechanical compliance coefficients, dkp are the piezoelectric coupling coefficients and ε T ik are the dielectric permittivity coefficients.
In general, there are 36 independent constants for mechanical compliance s E pq , 18 for piezoelectric coupling (d kq ) and 9 for dielectric permittivity ε T ik . However, due to the orthotropic nature and symmetry in the crystal structure of most PZT materials, the constitutive equations given above can be combined into a single matrix as shown below:
The losses in the piezoelectric material can be modeled by using complex physical constants in these constitutive equations. One assumption in this model is that the losses are small and can be treated as perturbations. The dielectric, elastic and electromechanical coefficients can now be written as [45] 
where δ is the phase delay between the electric displacement and the applied electric field under a constant stress, φ is the phase delay between the strain and the applied stress under a constant electric field and θ is the phase delay between the electric displacement and the applied stress. The power dissipated within the piezoelectric material is then given by
where V m and I m are the magnitude of the actuation voltage and current, respectively, ϕ denotes the phase-angle difference between the current and the voltage, A is the complex admittance of the PZT-embedded structure and Q p is the internal heat generation rate per unit volume in the PZT element. A method for determining the complete set of complex dielectric, elastic and electromechanical coefficients is described in [46] .
Losses in the surrounding medium.
The ultrasound wave traveling in the surrounding medium is attenuated due to material damping. This energy loss results in heat generation in the surrounding medium. In order to simulate the resulting temperature rise, a steady-state heat-conduction model is used [47] :
where ρ t is the density (kg m −3 ), c t is the specific heat capacity (J kg
, T is the temperature (K) andq is the heat-generation rate per unit volume due to ultrasound attenuation (W m −3 ). The heatgeneration rate per unit volume in the surrounding medium is given byq
where α is the ultrasound attenuation coefficient, p is the acoustic pressure, p * is the complex conjugate of the pressure and c is the sound wave velocity.
In the absence of a pressure source, the pressure distribution in the surrounding medium due to PZT vibration can be determined by solving the following wave equation:
The losses in the medium are modeled using the complex sound velocity as shown below [48] :
Here, c c is the complex wave velocity of the medium.
Simulation model
A 3D multi-physics finite-element model (COMSOL 3.5a Multiphysics R ) was used to determine the heat generated by the PZT heaters for different geometries, operating frequencies and drive voltages.
The simulation was subdivided into three steps. The first step involves modeling the heat generated within the PZT element. The piezo solid module in COMSOL was used to determine the electromechanical admittance of the PZT element, which in turn determined the heat-generation rate within the PZT element.
The losses in the PZT element were modeled by using complex values for dielectric, elastic and electromechanical coefficients as shown in equations (4)- (6) . The losses in the surrounding medium were modeled by using complex material properties as shown in equation (13) . The medium surrounding the PZT element was assumed to be isotropic for wave propagation. Next, the acoustic module was used to determine the pressure waves generated in the surrounding medium by the vibration of the PZT element. The normal acceleration (a n ) of the PZT material due to vibrations is related to the pressure wave generated in the surrounding medium by the following boundary condition at the PZTmedium interface:
where n is the unit normal vector to the PZT-medium interface. Finally, a generalized heat-transfer module was used to determine the temperature rise in the PZT element and surrounding medium. The heat-generation rate per unit volume in the surrounding medium was calculated using equation (10) . The conduction boundary condition was applied at the interface boundaries between the structures. Convection heat flux (to surrounding air) was used at all the external boundaries exposed to the surroundings. The free convection coefficient in air is 6-30 W m −2 K −1 [49] . Hence, the convection coefficient in air was assumed to be 20 W m −2 K −1 in the simulations. The meshing of the 3D model was performed using the free mesh parameter option in COMSOL. Tetrahedral elements with a maximum element size of 1 mm were used. The boundaries in the model were meshed using triangular boundary elements. An element growth rate of 2 was used in this simulation model.
Device design and fabrication
The simulation model described in section 2 is used to determine the most suitable shape for the heater. Simulations were performed to determine the maximum temperature rise in the PZT heaters of different shapes, but with the same volume and cross-sectional area. The heaters were assumed to be bonded to a brass substrate. Shapes such as circle, square and rectangle (length = 2 × width) were considered in the simulations. A voltage of 6 V (peak-peak amplitude) was applied across the electrodes of the PZT element. Ultrasound attenuation coefficients of 100, 170 and 1100 dB m
(obtained from the experiments described in section 4) were used for the brass substrate, conductive and non-conductive epoxies, respectively. The simulations indicated that the circular shape is most suitable for a given volume and crosssectional area. For a given voltage, the circular shape generated 21% and 39% more temperature rise as compared to the square and the rectangular shapes, respectively. This study uses PZT-5A material because it offers higher Curie temperature (≈350
• C) than other forms of PZT and consequently allows higher working temperatures. Moreover, the piezoelectric constant (d 31 ) and relative dielectric constant (K) of PZT-5A show lower temperature sensitivity [43] . Commercially available PZT-5A disks (Piezo Systems Inc., Woburn, MA, USA) of 3.2 mm diameter and 0.191 mm thickness were used for experiments. Figure 2 (a) shows the schematic of the device designed for simulation model validation.
For the experiments, commercially available PZT heaters of 3.2 mm diameter and 0.191 mm thickness were used. The PZT heaters can also be fabricated using a batch-mode ultrasonic machining process [26] . The PZT disk was covered with 130 and 270 μm thick layers of conductive and non-conductive epoxies, respectively.
Figures 2(b) and (c) show the schematic and dimensions of the unstacked and stacked structures used for device characterization experiments. For unstacked structures, thin gold bond wires (diameter ≈25.4 μm, length ≈10 cm) were connected to the PZT disks by conductive epoxy, followed by an insulating layer of non-conductive epoxy. For stacked structures, the PZT disks were bonded in pairs by a thin layer of non-conductive epoxy. Four gold bond wires of 25.4 μm diameter (two for each PZT element) were used to provide the electrical connections to the PZT disks as described above. Photographs of the fabricated structures are shown in figure 2(d).
Device and operating parameter characterization
Experimental setup
The experimental setup is illustrated in figure 3 . The heaters were actuated using an HP 33520A function generator. The voltage applied across the electrodes and the current flowing through the heaters were measured using an Agilent DSO6014A oscilloscope and Tektronix CT1 (1 GHz) current probe, respectively. A K-type thermocouple attached to a digital thermometer was used to measure the surface temperature of the PZT heater. The thermocouple was attached to the top of the PZT heater using non-conductive epoxy. The uncertainty in the temperature measurements was < ±0.3
• C, as determined from experimentally measured variations.
Simulation model validation
Simulations and experiments were carried out for circular PZT-5A heaters of 3.2 mm diameter and 0.191 mm thickness bonded to 3.3 mm thick brass substrates ( figure 2(a) ). The radius of the brass substrate was limited to 10 cm in order to reduce the complexity of the simulation. Furthermore, due to symmetry only one-quarter of the structure was simulated. Figure 4(a) shows the typical meshed geometry used in these simulations. Sinusoidal actuation voltages of peakpeak amplitude 4, 5 and 6 V were used to determine the ultrasound attenuation in the brass substrate, conductive and non-conductive epoxies. The material properties used in the simulations are listed in table 2.
Experiments were performed to determine the temperatures attained for various actuation frequencies and were compared against the simulation results. Figure 4(b) shows the simulated temperature profile generated for an actuation frequency of 4 MHz and drive voltage of peak-peak amplitude 6 V. The simulation results were in the brass, conductive and non-conductive epoxies, respectively ( figure 5(a) ).
Simulations were also performed to determine the temperature rise for varying input power from the PZT heaters bonded to elytra of a beetle carcass. The simulations were performed using a fitted ultrasound attenuation coefficient of 1000 dB m −1 MHz −1 for the elytra of the beetle carcass.
The thickness of elytra was assumed to be 200 μm. The properties of the elytra used in the simulations are listed in table 2. The temperature rise from the PZT heater obtained from simulations was compared with the experiments ( figure 5(b) ). The simulation and experimental results match within 10%. The difference is believed to be due to nonlinear behavior of the PZT element and the variation of the properties of the PZT element with temperature. (b) Comparison of the simulated and experimental temperature rise generated by the PZT heater for varying input power when attached to an elytra of a beetle carcass. The simulations were performed with fitted ultrasound attenuation coefficients of 1100, 170, 100 and 1000 dB m −1 MHz −1 for the non-conductive epoxy, conductive epoxy, brass substrate and elytra, respectively. The measured heating effectiveness of the heater was 0.93 
Operating frequency selection
The piezoceramic ultrasonic heaters were characterized to determine the most suitable operating frequency. The heaters were bonded to 3.3 mm thick brass plate using non-conductive epoxy. The heating effectiveness was measured as a function of frequency and compared with the electromechanical impedance of the structure. The heating effectiveness of the heater is defined as the temperature rise per unit watt of power consumed. Figure 6 (a) suggests that the heater attains a local maximum in heating effectiveness around each resonance frequency of the element. The frequencies of modes 1 and 2 were approximately equal to the calculated resonance frequency of the radial mode in the PZT element. Hence, modes 1 and 2 are believed to be radial modes with a small difference in the resonance due to imperfections in the circular shape of the PZT element. Mode 5 is believed to be the higher order radial mode as the frequency is three times the fundamental radial mode frequency. The mode shapes of modes 4 and 5 are not clearly known.
Further analysis was performed to determine the best resonance mode for operation of the PZT heater. Figure 6 (b) suggests that the heating effectiveness attained in each resonance mode is directly proportional to the effective electromechanical coupling coefficient of the resonance mode. The electromechanical coupling coefficient of a resonance mode is defined as [50] 
where f ar is the anti-resonance frequency and f r is the resonance frequency. For the present heater bonded to the brass plate, mode 2 is the optimum. Closer analysis of mode 2 indicates that the heater attains the maximum steadystate temperature for a given voltage at the frequency of maximum electromechanical conductance ( figure 7(a) ). This is expected, as higher conductance results in higher current amplitude, which, in turn, leads to higher temperature rise. However, the heating effectiveness of the heater is maximum around the frequency of maximum impedance ( figure 7(b) ). This is believed to be due to decrease in the losses due to parasitic resistances. Hence, there is a compromise in selecting the operating frequency as the maximum steadystate temperature rise per unit voltage occurs at the frequency of maximum conductance, whereas the maximum heating effectiveness occurs at the frequency of maximum impedance.
Effect of voltage offset and substrate material
Experiments indicate that the maximum heating effectiveness occurs at zero dc offset in the drive voltage and that the heating effectiveness decreases with increase in the offset voltage. This is believed to be due to the internal stress generated in the PZT element by the dc offset voltage. This decreases the electromechanical coupling coefficient as discussed in [51] . This, in turn, reduces the heating effectiveness of the heater. Experiments suggest that for an element bonded to a brass plate the heating effectiveness decreases by 28% for an applied voltage offset of 4 V. The heating effectiveness of the PZT heater when bonded to different substrates was studied. The heating effectiveness of the heater was higher for substrates with high damping coefficients and lower thermal conductivity, such as biological tissues, and lower for substrates, such as metals. The heaters attained a maximum heating effectiveness of 0.93
when bonded to biological tissue (elytra of the beetle). The heating effectiveness was 0.06 and 0.17 • C mW −1 for brass and glass substrates, respectively.
Stacked structure design
The stacked heater elements (figure 2(c)) were tested in four modes of operation: actuation of bottom element alone, actuation of top element alone, actuation of both elements with the electric field in the same direction and actuation of both elements with the electric field in the opposite direction. Figure 8 shows the comparison of the maximum steadystate temperature and heating effectiveness attained during various modes of operation of the stacked heater. Actuation of the bottom PZT heater alone causes larger temperature rise than unstacked heaters-likely because of the increase in the damping due to the presence of epoxy on both sides of the element. Furthermore, the actuation of the top element alone generates more temperature rise and is more efficient than the lower one-likely because of thermal isolation provided by the lower element. Actuation of both elements within a stack generates the maximum temperature rise and the heating effectiveness is slightly less than that of actuating only the top element. Actuation of both the elements in the stacked structure provides a 3.5× increase in the steady-state temperature and 3× increase in the heating effectiveness of the heater when compared to the unstacked heater. The direction of the applied electric field does not have a measurable effect on the temperature rise and the heating effectiveness of the stacked heaters. and heating effectiveness (eff/eff unstacked ) attained by the stacked PZT heater. The stacked heaters were tested in four modes of operation: actuation of lower element alone, actuation of upper element alone, symmetric actuation of both elements with the electric field in the same direction and anti-symmetric actuation of both elements with the electric field in the opposite direction. Figure 9 . Photograph of the cauterization of porcine tissue using the unstacked PZT heater probe. The heater probe brands the tissue in 2-3 s with 10 V RMS . The interface temperature is ≈150
• C.
Biological tissue cauterization experiments
Experiments were performed using porcine tissue samples to show the feasibility of the microheaters in medical applications. Unstacked circular PZT heaters were used in these experiments. The heaters were bonded to glass substrates by non-conductive epoxy. The voltage output of the function generator was amplified using a Krohn-Hite model 7500 amplifier. The temperature of the PZT heater was measured using a K-type thermocouple bonded to it. The PZT heater probe branded the porcine tissue when a sinusoidal voltage of 10 V RMS was applied. The interface temperature rose to 150
• C, which is much greater than the required temperature of 70-100
• C required for applications such as cauterization [52] . The thermal time constant for the PZT heater bonded to the glass substrate was measured as 11 s. The tissue was branded in 2-3 s after the steady-state temperature was attained. The 3.2 mm diameter and 0.191 mm thick heater generated a burn mark of about 2 mm in diameter as shown in figure 9 . This shows the feasibility of using the proposed microheaters for biological tissue cauterization applications.
Conclusions
There are a number of conclusions that can be drawn based on the findings of this effort. Simulations suggest the circular shape is most suitable to the maximum temperature rise at a given drive voltage for constant cross-sectional area and volume. Circular PZT-5A heaters (3.2 mm diameter and 0.191 mm thickness) were used in experiments. The PZT heaters attained the maximum temperature at the frequency of maximum conductance and maximum heating effectiveness at the frequency of maximum impedance. Furthermore, the heating effectiveness of each resonance mode was proportional to the electromechanical coupling coefficient of that mode. The heating effectiveness of the heaters decreased with an increase in the dc offset of the applied sinusoidal voltage. Furthermore, the heating effectiveness was higher in nonconducting and highly damping substrates. The performance of the stacked PZT structure was also compared with unstacked structure. The stacked structure provided 3.5× the maximum temperature rise and 3× the heating effectiveness attained by the unstacked heaters. The direction of the applied electric field did not measurably influence the heating characteristics of the stacked elements. An unstacked heater was used in the cauterization of porcine tissue samples. A sinusoidal input voltage of 10 V RMS generated an interface temperature of 150
• C and branded the porcine tissue. The PZT heaters discussed here bear promise for applications in biomedical devices, where temperatures of the order of 70-200
• C are required.
